miR-155 promotes myeloproliferation in the bone marrow, spleen, and blood of mice carrying the FLT3-ITD mutation.
Introduction
Acute myeloid leukemia (AML) is an aggressive hematological malignancy that carries a poor prognosis. AML is a heterogeneous disease with a variety of genetic aberrations, including translocations and mutations, that can drive leukemic phenotypes. The most common genetic aberration in AML is a gain-of-function mutation in the FMS-like tyrosine kinase 3 (FLT3) receptor. FLT3 internal tandem duplication (ITD) in the juxtamembrane domain of the receptor occurs in ;25% of AML diagnoses and confers a poor prognosis. 1 FLT3 is a cell surface protein that promotes the proliferation and survival of the hematopoietic stem and progenitor cell (HSPC) compartments in response to FLT3 ligand. 2 However, FLT3-ITD mutations lead to constitutive, ligand-independent activation of this receptor, 3 conferring a growth and survival advantage.
Although FLT3-ITD is a common mutation observed in human AML and carries a poor prognosis, the mutation itself has not been shown to independently drive leukemic transformation in vivo. Rather, FLT3-ITD must collaborate with additional oncogenic mutations to trigger hematopoietic malignancy. [4] [5] [6] Introduction of human FLT3-ITD mutations into mice triggers a myeloproliferative disease (MPD) that resembles chronic myelomonocytic leukemia, 7-9 but does not lead to overt leukemia. Regardless, FLT3-ITD mouse models have proven useful in studying FLT3-ITD biology in hematologic malignancies.
MicroRNAs (miRNAs) are small noncoding RNAs that repress their target genes by binding to cognate sites in the 39 untranslated region of their respective messenger RNA targets, thereby preventing their translation and/or triggering messenger RNA degradation. miRNA expression has been shown to be highly dysregulated in AML, including FLT3-ITD 1 AML, where microRNA-155 (miR-155) represents the most significantly overexpressed miRNA. [10] [11] [12] [13] [14] [15] [16] Overexpression of miR-155 alone in the hematopoietic compartment is sufficient to cause a myeloproliferative phenotype 17 resembling that seen in mice harboring FLT3-ITD mutations. Although the association between FLT3-ITD and miR-155 overexpression has been observed in primary human samples, and miR-155 has been shown to promote FLT3-ITD 1 cell line growth in vitro, 18, 19 the relationship between FLT3-ITD and miR-155 has not been directly examined in vivo, and the downstream effects of miR-155 overexpression are still being deciphered.
In this study, we used a FLT3-ITD genetic mouse model and FLT3-ITD 1 human AML cells to study the collaboration between the FLT3-ITD mutation and miR-155 in promoting hematologic malignancy. We found that miR-155 substantially contributes to FLT3-ITD-induced MPD, and that knockdown of miR-155 in primary FLT3-ITD 1 AML samples reduces colony formation. Mechanistically, we show that miR-155 inhibits the response to interferon (IFN) in these model systems, and this involves direct repression of Cebpb. Interferon has previously been shown to exhibit an antiproliferative effect on early hematopoietic cells, [20] [21] [22] [23] including in our FLT3-ITD mouse model. 24 Altogether, our study identifies a specific role for miR-155 in promoting the expansion of myeloid cells in FLT3-ITD-mediated disease in vivo, indicating that inhibition of miR-155 may be a promising new therapeutic approach for treatment of FLT3-ITD 1 AML.
Methods
A more extensive description of the methods can be found in the supplemental Methods, available on the Blood Web site.
Animals
All mice (wild-type [WT], 155 2/2 , FLT3-ITD, and FLT3-ITD 155 2/2 ) were on a C57BL/6 background. FLT3-ITD mice were obtained from The Jackson Laboratory (stock no. 011112) and were homozygous for the FLT3-ITD mutation. Experimental procedures were performed with the approval of the Institutional Animal Care and Use Committee of the University of Utah.
Flow cytometric analysis
Splenocytes and bone marrow (BM) cells were harvested from mice and depleted of red blood cells prior to staining with specific fluorophore-conjugated antibodies. Antibody-stained cells were analyzed with a BD LSR Fortessa flow cytometer (BD Biosciences), and data analysis was performed by using FlowJo software.
Proliferation assay
FLT3-ITD and FLT3-ITD 155 2/2 mice were injected intraperitoneally with 150 mL of 5-bromo-29-deoxyuridine (BrdU [BD Pharmingen]) at a concentration of 10 mg/mL 20 hours prior to BM harvest. BM cells were fixed and stained with an anti-BrdU antibody (BD Pharmingen) following the manufacturer's instructions and analyzed via flow cytometry.
BM chimera reconstitutions
Total BM was harvested from FLT3-ITD and FLT3-ITD 155 2/2 mice (45.2 1 ) and mixed in equal ratios with BM from WT (45.1 1 ) mice purchased from The Jackson Laboratory (stock no. 002014). Myeloproliferative phenotypes were evaluated at 3 months.
Expression profiling
Lineage-negative (Lin -), c-Kit 1 , Sca1 1 (LKS) cells were sorted by using flow cytometry, and total RNA was isolated using the miRNeasy spin column kit (Qiagen). RiboZero treatment/library preparation was performed at the University of Utah DNA Sequencing Core Facility, followed by stranded RNA sequencing by using Illumina HiSequation 2000 sequencing. Aligned reads (miRBase) were used in DESeq2 (version 1.10.1), which normalizes the signal and determines differential expression. The RNA sequencing data has been deposited in the National Center for Biotechnology Information Gene Expression Omnibus under GSE86526. Genes with multiple testing corrected P values , .05 were used in Ingenuity Pathway Analysis and Gene Set Enrichment Analysis (GSEA). Western blotting and quantitative reverse transcription polymerase chain reaction (qRT-PCR) were carried out by using standard procedures.
Cell culture and lentiCRISPR infections
Molm14 and MV4-11 cell lines were cultured in RPMI 1640 with fetal bovine serum and antibiotics. LentiCRISPR infections (155-CR1 and empty vector [EV]) were performed as described previously, 19 and cells were passaged for at least 10 days prior to analysis.
TCGA analysis
Mirbase20 miRNA expression data from IlluminaGA_miRNASeq (n 5 188) and the RSEM gene expression data from IlluminaGA_RNASeqV2 (n 5 173) were downloaded from The Cancer Genome Atlas (TCGA) Web site for the available AML samples. Somatic variants for the 305 mutated genes identified in the 200 TCGA AML patients were downloaded from the cBioPortal Web site (http://www.cbioportal.org/). AML samples were split into FLT3-ITD-positive samples (FLT3-ITD) and FLT3 mutation-negative samples (FLT3-WT). DESeq2 (version 1.10.1) was used to normalize the count data and detect differently expressed genes or miRNAs.
Cebpb overexpression
Linc-Kit 1 (LK) cells were sorted by flow cytometry and cultured in RPMI 1640-based medium with 50 ng/mL SCF. Cells infected with either an EV control (pMIG II-EV) or Cebpb-overexpressing vector (pMIG II-Cebpb) were passaged for 2 days in individual wells prior to RNA isolation.
Patient samples
Mononuclear cells from the peripheral blood of FLT3-ITD 1 AML patients at the Huntsman Cancer Institute (University of Utah) were Ficoll-separated and used for automated isolation of the CD34 1 fraction by using an autoMACS Pro (Miltenyi Biotech). Cells were used for methylcellulose colony assays or expanded in liquid culture to assess Annexin V or gene expression by qRT-PCR. Cells were treated with 100 nM LNA-155 or LNA-CTRL (Exiqon). Donors gave informed consent and studies were approved by the University of Utah Institutional Review Board (no. 00045880).
Statistics
Significant P values were determined by using an unpaired Student t test unless otherwise noted. Quantitative data are displayed as mean 6the standard error of the mean (SEM). P values are shown as indicated: *P # .05; **P # .01; ***P #.001; ****P # .0001; and not significant (ns) P . .05. The false discovery rate for GSEA plots was calculated by using Limma. All other statistics were performed in either GraphPad Prism 6.0 or Microsoft Excel.
Results

miR-155 promotes expansion of myeloid cells in the spleen and the blood of FLT3-ITD 1 mice
We generated mice homozygous for the FLT3-ITD mutation (denoted as FLT3-ITD) that also lack miR-155 (155 2/2 ) to test the function of miR-155 during FLT3-ITD-mediated pathogenesis in vivo ( Figure 1A-B ). Of note, mice homozygous for the FLT3-ITD mutation develop a chronic MPD during adulthood. [7] [8] [9] At 4 to 6 months of age, FLT3-ITD miR-155 1/1 (FLT3-ITD), FLT3-ITD 155 2/2 , WT, and 155 2/2 mice were analyzed. We observed that FLT3-ITD-induced splenomegaly was significantly reduced in the absence of miR-155 ( Figure 1C ), both in terms of overall spleen weight and cellularity ( Figure 1D ). Spleens from FLT3-ITD animals showed extensive infiltration of maturing myeloid cells disrupting and replacing the white pulp and had a significant reduction in the red pulp as well as normal erythropoiesis ( Figure 1E ). Although various aspects of this disease process were still observed in the FLT3-ITD 155 2/2 group, their severity was noticeably diminished compared with their FLT3-ITD counterparts. Flow cytometry on the spleen revealed a reduced total number of CD11b 1 Gr1cells, primarily consisting of monocytes and dendritic cells, as well as a decrease in the neutrophilic CD11b 1 Gr1 1 population in the absence of miR-155 ( Figure 1F ; supplemental Figure 1A ), indicating reduced splenic infiltration of mature myeloid cells.
In the peripheral blood, we observed a noticeable increase in white blood cells in the FLT3-ITD mice compared with WT mice, which is consistent with previous reports, 7 Enrichment score Figure 5 .
compared with FLT3-ITD mice was attributed to decreased monocytosis and neutrophilia ( Figure 1G ). Although both FLT3-ITD and FLT3-ITD 155 2/2 mice were anemic, this phenotype was less severe when miR-155 was lacking. These findings demonstrate that deletion of miR-155 abrogates several aspects of the myeloproliferative phenotype observed in the spleen and blood of FLT3-ITD mice.
miR-155 drives myeloid cell production in the BM of FLT3-ITD mice by increasing granulocyte-monocyte progenitors
To determine the source of miR-155-dependent myeloproliferation in FLT3-ITD mice, we next analyzed the BM. FLT3-ITD BM cells displayed increased expression of miR-155 compared with BM from WT mice (Figure 2A) , which is consistent with the clinical observation of elevated miR-155 levels in FLT3-ITD 1 patient samples. 10, 11 We also observed decreased BM cellularity in FLT3-ITD 155 2/2 compared with FLT3-ITD mice ( Figure 2B ). Flow cytometry revealed that this decrease in BM cellularity of FLT3-ITD 155 2/2 mice could largely be attributed to reduced CD11b 1 Gr1 1 , and CD11b 1 Gr1cells ( Figure 2C ). In contrast, we did not observe a difference in the suppression of B220 1 cells by FLT3-ITD when miR-155 was lacking. However, we did observe a slight decrease in Ter119 1 cells in the BM of FLT3-ITD 155 2/2 mice compared with FLT3-ITD mice, suggesting that miR-155 may play some role in supporting erythroid development in the context of FLT3-ITD. Next, we examined the impact of miR-155 on the HSPC population during FLT3-ITD-mediated disease. Total BM was isolated from the femurs and tibias of FLT3-ITD and FLT3-ITD 155 2/2 mice, and the depicted flow cytometry gating strategy was used to assess distinct HSPC populations ( Figure 2D ). There was no difference in the total number of LKS cells (Figure 2E ), a compartment consisting of the earliest stem and progenitor cell populations. 25 However, there was a significant decrease in myeloid progenitor cells (Lin 2 , c-Kit 1 , Sca1 -) in FLT3-ITD 155 2/2 compared with FLT3-ITD mice ( Figure 2F ). This finding indicates that miR-155 is necessary for maintaining a robust myeloid progenitor pool in this disease context. On further analysis of myeloid progenitor subsets, we found that miR-155 is required for the increase in granulocyte-monocyte progenitor cells mediated by FLT3-ITD ( Figure 2G ; supplemental Figure 1C ). We also observed a subtle decrease in megakaryocyte-erythrocyte progenitor cells in FLT3-ITD 155 2/2 mice, again suggesting that miR-155 may also be supporting erythroid development to some degree in FLT3-ITD animals. Altogether, these findings reveal a role for miR-155 in the myeloid progenitor compartment of the BM, where miR-155 is required for proper myeloid expansion in response to FLT3-ITD signaling.
miR-155 promotes the proliferation of the LKS and myeloid progenitor compartments in FLT3-ITD mice
After finding that miR-155 is critical for the myeloid-specific expansion seen in FLT3-ITD BM, we next sought to determine how miR-155 regulates myeloid cell numbers in the BM by assessing proliferation and cell survival. Using a BrdU incorporation assay, we found that miR-155 promotes proliferation of both the LKS and myeloid progenitor cell populations ( Figure 3A ). However, on analyzing Annexin V levels, we did not see a miR-155-dependent difference in LKS and myeloid progenitor cells undergoing apoptosis when comparing FLT3-ITD and FLT3-ITD 155 2/2 mice (supplemental Figure 2A ), suggesting that miR-155 plays a more specific role in promoting proliferation of these cells in this premalignant context. These data indicate that miR-155 enhances FLT3-ITD-mediated MPD by increasing the proliferation of LKS and myeloid progenitor cells in the hematopoietic compartment.
A hematopoietic cell-intrinsic role for miR-155 during FLT3-ITD-mediated MPD
To determine if miR-155 functions in a cell-intrinsic manner to promote FLT3-ITD-mediated MPD, we generated mice with BM chimeras and assessed different disease parameters. Irradiated WT recipient mice were reconstituted with equal cell numbers of WT (45.1 1 ) BM and FLT3-ITD or FLT3-ITD 155 2/2 (45.2 1 ) BM and were analyzed at 3 months postreconstitution ( Figure 3B ). Markedly increased splenomegaly was observed in the WT:FLT3-ITD compared with WT:FLT3-ITD 155 2/2 mice ( Figure 3C ), a finding that correlated with the expansion of FLT3-ITD 45.2 1 cells, namely 45.2 1 CD11b 1 myeloid cells, compared with FLT3-ITD 155 2/2 cells ( Figure 3D ). WT:FLT3-ITD animals also had increased BM cellularity compared with their WT:FLT3-ITD 155 2/2 counterparts, with an increased number of 45.2 1 white blood cells that included 45.2 1 CD11b 1 myeloid cells ( Figure 3E ). Both the FLT3-ITD and FLT3-ITD 155 2/2 45.2 1 cells dominated the BM engraftment at 3 months postreconstitution (supplemental Figure 2B-C) , and we did not observe significant differences in the small number of remaining WT 45.1 1 BM cells between groups (supplemental Figure 2D) . These findings indicate that miR-155 plays a hematopoietic cell-intrinsic role as it promotes the expansion of FLT3-ITD 1 myeloid cells.
miR-155 inhibits endogenous IFN signaling in LKS cells and myeloid progenitors from FLT3-ITD mice
To decipher the mechanism by which miR-155 promotes proliferation of the LKS and myeloid progenitor pool, we performed RNA sequencing of sorted cells from the LKS compartment of WT, FLT3-ITD, and FLT3-ITD 155 2/2 mice. Interestingly, although the gene expression profiles of FLT3-ITD and FLT3-ITD 155 2/2 samples clustered away from the WT group, they also exhibited distinct gene expression patterns ( Figure 4A ). We then performed Ingenuity Pathway Analysis and GSEA to determine which pathways were impacted according to the observed gene expression differences. Overwhelmingly, the results pointed to the IFN response as being highly upregulated in the absence of miR-155 ( Figure 4B ; supplemental Figure 3A-B) . IFN-a-and IFN-g-responsive genes, as determined by GSEA, made up a large proportion of genes that were significantly elevated in FLT3-ITD cells lacking miR-155 Relative expression (normalized to L32) Relative expression (normalized to L32) ( Figure 4C ; supplemental Figure 3C-D) . Interestingly, although we found that the IFN response was moderately elevated in FLT3-ITD compared with WT LKS cells (supplemental Figure 4A ), it was further increased in the FLT3-ITD 155 2/2 group, suggesting that the absence of miR-155 impairs the ability of FLT3-ITD to suppress the antiproliferative effect of BM regulatory cytokines. We further validated these RNA sequencing data using qRT-PCR to assay the expression levels of IFN-responsive genes in the LKS ( Figure 4D ) and myeloid progenitor compartments ( Figure 4E ), where we found the same overall trend in increased expression of IFNresponsive genes in the absence of miR-155, but only in the context of FLT3-ITD (supplemental Figure 4B-C) . Lastly, we evaluated protein levels of STAT1, a master regulator of IFN responses, by western blotting and observed a large increase in STAT1 expression in FLT3-ITD LK cells deficient in miR-155 ( Figure 4F ). Altogether, these data support a model whereby miR-155 promotes proliferation of the LKS and myeloid progenitor pool in FLT3-ITD-mediated neoplasms by reducing the antiproliferative effects of IFN signaling in these cells.
Analysis of the TCGA human AML data set identifies increased miR-155 and decreased IFN signaling in FLT3-ITD 1 AML
To extend our findings from an animal model of FLT3-ITD-mediated disease into the clinical arena, we next analyzed sequencing results from human AML samples deposited in TCGA. 26 We sorted these 173 samples according to FLT3 status, placing patients with duplications in the FLT3 juxtamembrane domain in the FLT3-ITD group and patients without mutations in FLT3 in the FLT3-WT group. We found that MIR155HG, the miR-155 host gene, and mature miR-155
were significantly increased in FLT3-ITD 1 AML samples compared with FLT3-WT AML samples ( Figure 5A ), which is consistent with previous reports. [10] [11] [12] [13] Next, we further analyzed these gene expression data from the categorized FLT3-WT and FLT3-ITD groups using GSEA and demonstrated that both the IFN-a and IFN-g responses were significantly downregulated in FLT3-ITD 1 AML compared with FLT3-WT AML ( Figure 5B -C), revealing an inverse correlation with miR-155 levels in FLT3-ITD 1 AML. This reduction can also be appreciated by examining the expression of representative IFN-responsive genes between the 2 groups ( Figure 5D ). To further examine the connection between miR-155 and the IFN response, we deleted miR-155 in FLT3-ITD 1 human AML cell lines (MV4-11 and Molm14). Cells were transduced by using a previously developed miR-155 targeting lentiviral CRISPR/Cas9 construct (155-CR1), 19 and we subsequently observed significant miR-155 knockdown in both Molm14 and MV4-11 cell lines ( Figure 5E ). Reduced levels of miR-155 in Molm14 and MV4-11 cells resulted in significantly increased IFN signaling compared with cells infected with EV control (Figure 5F-G) . In addition, we observed increased STAT1 protein levels in MV4-11 155-CR1 cells ( Figure 5H ). Together, these findings strongly correlate with data in our FLT3-ITD mouse model. For personal use only. on August 7, 2017. by guest www.bloodjournal.org From set. Ship1, Pu.1, and Cebpb have all previously been shown by us and others to be directly targeted by miR-155 17, 27 and may play important miR-155-dependent roles in FLT3-ITD pathogenesis. 18, 28, 29 We found increased expression of these targets in FLT3-ITD 155 2/2 compared with FLT3-ITD mice, with a statistically significant increase in Cebpb ( Figure 6A ). In the human AML TCGA data set, we found that expression of Spi1 (Pu.1), Inpp5d (Ship1), and Cebpb was lower in FLT3-ITD 1 AML, with Ship1 and Cebpb reaching statistical significance ( Figure 6B) . Expression of these genes also inversely correlates with the higher expression of miR-155 (supplemental Figure 5 ), suggesting that they could be functional miR-155 targets in this disease setting. Next, we sorted LK cells from FLT3-ITD and FLT3-ITD 155 2/2 mice and evaluated protein levels of these miR-155 targets via western blot. Elevated expression of all 3 of these proteins was observed in FLT3-ITD 155 2/2 vs FLT3-ITD mice ( Figure 6C) , which is consistent with each of these being directly repressed by miR-155 in vivo. We also observed higher transcript levels of these targets in our 155-CR1-infected human FLT3-ITD 1 cell lines ( Figure 6D) .
The miR-155 target Cebpb has previously been implicated in the regulation of IFN signaling. [30] [31] [32] To determine if elevated Cebpb levels could increase the IFN response, we overexpressed Cebpb in sorted LK cells ( Figure 6E ) and observed increased expression of IFNresponsive genes ( Figure 6F ). This was also true in Cebpboverexpressing RAW264.7 cells, a murine myeloid cell line, treated with recombinant type I and type II IFN (supplemental Figure 6 ). This finding demonstrates that Cebpb is sufficient to induce the IFN response in myeloid cells and supports a model whereby miR-155 repression of Cebpb is involved in its ability to repress the IFN response in myeloid cells.
We also examined the downstream effect of miR-155's repression of Ship1, a known inhibitor of AKT activation. 33 Consistent with elevated Ship1 levels in FLT3-ITD 155 2/2 cells, we observed decreased AKT phosphorylation in the LK cells of FLT3-ITD 155 2/2 mice compared with FLT3-ITD mice ( Figure 6G ). Taken together, this finding indicates that miR-155 works through a multitarget mechanism that enables regulation of multiple relevant signaling pathways and responses that define FLT3-ITD myeloid cell biology.
Inhibition of miR-155 in primary FLT3-ITD 1 AML samples leads to decreased colony formation and increased Stat1 expression
To assess the functional role of miR-155-mediated regulation of the IFN response in primary FLT3-ITD 1 AML, we treated primary AML samples (n 5 3, supplemental Table 1 ) with an LNA antisense oligonucleotide targeting miR-155 (LNA-155) or a scrambled control LNA oligonucleotide (LNA-CTRL) and assessed these cells for changes in the expression of Stat1, as well as colony formation in methylcellulose medium and Annexin V positivity. qRT-PCR confirmed miR-155 inhibition by LNA-155 at 100 nM ( Figure 7A ), and this correlated with a reduction of colony formation ( Figure 7B ) and an increase in apoptosis ( Figure 7C ). Consistent with data in our mouse model, miR-155 inhibition in primary FLT3-ITD 1 AML samples correlated with increased expression of Stat1, Cebpb, and Ship1 ( Figure 7D ). These results provide further evidence that our findings in mice extend to primary human FLT3-ITD 1 AML cells.
Discussion
miRNA expression is highly dysregulated in FLT3-ITD 1 AML, a subtype of AML that confers a poor prognosis. Microarray and qRT-PCR-based methods have shown that miR-155 is among the most highly overexpressed miRNAs in FLT3-ITD 1 AML. [10] [11] [12] [13] [14] [15] [16] We further substantiated these findings by analyzing the TCGA human AML data set, which contains sequencing data from 173 patients representing all major subtypes of AML. Our retrospective analysis confirmed that miR-155 was the most significantly upregulated miRNA in FLT3-ITD 1 AML compared with FLT3-WT AML.
From a functional perspective, miR-155 has been shown by our group and others to be important for the growth of FLT3-ITD 1 cells in vitro. 18, 19 We recently identified miR-155 as a top growth-promoting miRNA in a FLT3-ITD 1 leukemic cell line via a genome-wide CRISPR/Cas9 screen. 19 Importantly, both FLT3-ITD and miR-155 overexpression are each sufficient to cause MPDs in mice. [7] [8] [9] 17 However, the impact of endogenous miR-155 on FLT3-ITD-mediated disease in vivo had not been previously explored. In the current study, we crossed FLT3-ITD and miR-155 2/2 mice to determine if these 2 molecules collaborate to induce MPD. Indeed, we found that miR-155 is critical for several aspects of disease development in FLT3-ITD mice, including myeloid expansion in the BM, spleen, and peripheral blood. Further analysis of the hematopoietic compartment revealed that miR-155 promotes disease in FLT3-ITD mice by increasing proliferation of the LKS and myeloid progenitor compartments.
Through RNA sequencing of the LKS compartment, we identified the IFN response as being substantially increased in FLT3-ITD 155 2/2 compared with FLT3-ITD mice. We also demonstrated that human FLT3-ITD 1 AML samples had increased miR-155 and a decreased IFN gene expression signature when compared with FLT3-WT AML, which is consistent with our mouse data. It is well established that IFN signaling has growth-inhibitory effects on the hematopoietic compartment, [20] [21] [22] [23] and inhibition of IFN signaling was recently discovered as a novel mechanism by which FLT3-ITD 1 cells can avoid the antiproliferative effects of IFN-a and IFN-g. 24 Our results indicate that miR-155 is clearly involved in this mechanism that subverts the antiproliferative effects of IFN in this setting. Our findings are also in line with a recent study demonstrating that miR-155 promotes proliferation of CD8 1 T cells through inhibition of IFN signaling, 34 indicating that this mechanism is used by multiple cell types in vivo. Taken together, this work provides novel insights into the role of miR-155 in FLT3-ITD-mediated disease, where it helps HSPCs to escape the growthinhibitory effects that are typically conferred by regulatory BM cytokines.
A number of studies have found that miR-155 can repress the expression of selected relevant targets, such as Ship1, Cebpb, and Pu.1, within FLT3-ITD 1 AML cell lines. 18, 28, 29 Furthermore, we found that both Ship1 and Cebpb were decreased at the RNA level in FLT3-ITD vs FLT3-WT AML patient samples. To better understand our in vivo phenotype, we examined the regulation of these targets by miR-155 in sorted LKS and myeloid progenitors and found that these targets are indeed derepressed in early stem cell compartments genetically deficient for miR-155. Of note, Pu.1 and Cebpb are well-known myeloid commitment genes, 35 and reduction in either Ship1 or Pu.1 levels can give rise to myeloproliferation, 27, 36 which further supports the functional relevance of their regulation by miR-155 in this context. In the case of Cebpb, it has been previously shown to promote the IFN response, [30] [31] [32] providing a connection between miR-155 and the repression of IFN-responsive genes. Indeed, we found that Cebpb could enhance the IFN response in murine myeloid cells, including LK cells. We also showed that AKT was less activated in the LK cells of FLT3-ITD 155 2/2 mice, likely due to increased levels of the miR-155 target and known AKT inhibitor, Ship1. Taken together, our data indicate that miR-155 acts on multiple targets, suggesting a complex mechanism of action that could involve both IFN signaling-dependent and -independent mechanisms. Sorting out the individual contributions of these targets to the IFN response and/or additional mechanisms at play in this context will be a fascinating future area of study.
Our current results, coupled with other clinical observations that miR-155 upregulation correlates with the FLT3-ITD 1 subtype of AML that confers a negative prognosis, provide a physiologically relevant context where miR-155 plays a deleterious role in the myeloid compartment in vivo. We also demonstrate a functional role for miR-155 in FLT3-ITD 1 AML, because inhibition of miR-155 reduced survival and increased apoptosis in primary FLT3-ITD 1 AML samples, and this correlated with increased expression of Stat1, Cebpb, and Ship1. Taken as a whole, the current study provides strong evidence that miR-155 promotes FLT3-ITD-mediated MPD, at least in part, through its regulation of IFN signaling in the early hematopoietic compartment and argues that therapeutic targeting of miR-155 in FLT3-ITD 1 AML may warrant serious consideration.
